Reactive astrogliosis has been implicated in the failure of axonal regeneration in adult mammalian Central Nervous System (CNS). It is our hypothesis that inflammatory cytokines act upon astrocytes to alter their biochemical and physical properties, which may in turn be responsible for the failure of neuronal regeneration. We have therefore examined the effect of tumor-necrosis factor-alpha (TNF-α) on the ability of astrocytes to support the survival of the cortical neurons and the growth of the neurites. Mouse astrocytes and cortical neuronal cultures were prepared. It was observed that when neurons were cultured in absence of astrocytes only a few of them grew and survived only for 5 -6 days. These neurons had small cell bodies and few, short neurites. However, when the same numbers of neurons were cultured on the top of astrocytes, more neurons grew and survived up to 16 -18 days. They had bigger cell bodies and many long branched neurites that formed anestamosing networks. The neurons then coalesced and the neurites formed thick bundles. When the same numbers of neurons were grown on the top of astrocytes pretreated with TNF-α, few neurons survived up to 13 days. The neurites of the survived neurons were shorter than neurites of neurons grown on normal astrocytes and did not form bundles. In addition, TNF-α stimulated the expression of glial fibrillary acidic protein (GFAP) by astrocytes. These results support that the pro-inflammatory cytokine, TNF-α modulates the gliosis and that the astrocytic cell supports neuronal survival and neurite outgrowth.
INTRODUCTION
Astrocytes support the CNS neurons, by controlling the microenvironment surrounding the neurons, picking up any excess neurotransmitters or ions that are secreted from the neurons during conduction of nerve impulses and metabolic activity [1, 2] . Astrocytes are also important in secreting several trophic factors, vital to the survival of neurons [3, 4] . Astrocytes can promote neurite outgrowth both in vitro and in vivo. They express receptors for a variety of growth factors and neurotansmittors [5] . Nerve growth factors production in astrocytes is regulated by various cytokines including TNF-α [6] . In addition, astrocytes play a crucial part in the antioxidant defence of the brain [7] .
However, in cases of insult to the CNS, astrocytes begin to accumulate at the margin of the injury forming a layer that interfaces between the injury and intact tissues, which become known as the glial scar or reactive astrogliosis [8] . Reactive astrogliosis is characterized by an increase in the amount of GFAP which is regulated by hormones, cytokines, and growth factors [9, 10] . Although the functional role of the glial scar is not yet completely understood, it has been suggested that the scar inhibits nerve regeneration by acting as a physical barrier that neurons cannot penetrate [8, 11] . However, the formation of the glial scar can also be beneficial in isolating the damaged region and in preventing the spread of the inflammatory response to intact neuronal tissue [12, 13] thereby helping to limit tissue degeneration and preserving function after CNS injury. In addition, recent data showed axon regeneration through scars and into sites of chronic spinal cord injury [14] . All these data emphasize that reactive astrocytes play a role in wound healing and restoring CNS function at the site of injury. The data also indicate the importance of preserving astrocyte populations [13, 15, 16] .
During injury to the CNS, astrocytes are also responsible for the secretion of cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6) and TNF-α [17] . Cytokines are responsible for certain changes that take place in the nervous system [18] . It is known that the immune system and the nervous system communicate with each other through the sharing of biochemical informational substances and their receptors, which is referred to as neural-immune interactions. For instance, several neurotransmitters, neuroendocrine hormones and even nerve growth factors are produced by immune cells and clearly play an important role in the nervous system [4, 6] . The CNS has its own resident immune system in which glia cells (astrocytes and microglia) not only serve supportive and nutritive roles for neurons but also engage from time to time in several inflammatory processes that defend the CNS from pathogens and help it to recover from stress and injury. These normal glia functions are kept by normal activity of neurons [19] . The immune status of the CNS is strictly regulated in healthy brain in which the immune response is kept to a minimum by activity of neurons. Loss of neurons or their physiological activity would render the CNS recognizable by invading immune cells and can sometimes result in a more severe neuroinflammatory cycle that promotes neurodegenerative diseases [20] .
TNF-α, a potent proinflammatory molecule, is mainly produced by astrocytes in the CNS. During brain injury or inflammatory processes TNF-α is produced by activated microglia, astrocytes and macrophages [17, 21] . In culture, astrocytes secret TNF at low level but the secretion is increased after treatment with inflammatory stimuli such as interferon-gamma combined with IL-1beta. TNF-α promotes the proliferation of astroglia and microglia and therefore may be involved in pathological processes such as astrogliosis and demyelination [22] . TNF-α triggers downstream signaling cascades that control a number of cellular processes related to cell viability, gene expression, ion homostasis and synaptic integrity [23] . It should be indicated that there is limited information available on the effect of TNF-α on astrocytes-cortical neurons interactions. It is our hypothesis that inflammatory cytokines act upon astrocytes to alter their biochemical and physical properties, which may in turn be responsible for the failure of neuronal regeneration. We have therefore examined the effect of TNF-α on the ability of astrocytes to support the survival of the neurons and the growth of the neurites in mixed neuronastrocyte cultures. The latter provides a valuable in vitro model system for studying the direct interactions between neurons and astrocytes.
MATERIALS AND METHODS
Animal care followed the recommendations of NIH Guidelines for Care and use of laboratory Animals and the Guide for the Care and Use of Laboratory animals (Kuwait University-Faculty of Health Publication). All efforts were made to minimize animal suffering, to reduce the number of animals used, and to utilize alternatives to in vivo techniques.
Astrocyte Cultures
The astrocyte cultures were prepared according to the method of [24] . The cerebral hemispheres of newborn Balb/c mice were isolated aseptically and the meninges were removed. The neopallia was dissected out and then forced through a sterile 75 µm Nitex mesh. The cells were suspended in a modified Eagle's Minimum Essential Medium (mMEM) containing 5% horse serum. For culturing, 5 × 104 nigrosine-excluding cells were plated in 60 mm Petri dishes containing 22 × 22 mm glass coverslips in a total volume of 3 ml growth medium. Aliquots of 5 × 106 nigrosine-excluding cells were plated in 75 cm 2 culture flasks. The cultures were incubated at 37˚C in a humidified atmosphere of 5% CO 2 in air. After 3 days of incubation the growth medium was removed, the cell debris and non-attached cells were washed off and fresh medium was added and was changed every 2 -3 days. After 10 days some culture plates were incubated for 5 days and culture flasks for 2 and 8 days in medium to which 200 international units (U)/ml of TNF-α (Sigma, St. Louis, MO) had been added. The new medium was also changed every 2 -3 days.
Neuronal Cultures
The cerebral neuronal cultures were prepared according to the method of [25] . The outer parts of the brain of embryonic mice foetuses (E 15) were used. The cells of the brains were separated in 0.25% trypsin in Puck's solution for 5 min. at room temperature. Horse serum was added to stop the trypsin action, and the tissue was triturated by pipetting up and down. The suspensions were centrifuged at 1000 rpm for 5 min. After removal of supernatant, the cells were resuspended in mMEM containing 30 mili-moles (mM) glucose and filtered through a sterile 75 µm Nitex mesh. For culturing 5 × 104 nigrosine-excluding cells were plated in 60 mm Petri dishes containing 22 × 22 mm glass coverslips coated with poly-L-lysine (Sigma) in a total volume of 3 ml growth medium. After incubation in serum-free medium for 15 min. at 37˚C, the culture was rinsed once with fresh medium and incubated in freshly prepared medium containing 5% hourse serum and 30 mili-moles (mM) glucose, with changes of medium every 2 -3 days. medium containing 5% serum. The neuronal cells were suspended and prepared as described above and the same numbers of neurons 5 × 104 were plated onto the astrocyte culture. After 15 min of incubation at 37˚C, the culture was rinsed once and then fed with fresh medium containing 5% horse serum and 30 mM glucose. Some of the 10 days old astrocyte culture were treated for 5 days with 200 U/ml of mouse TNF-α then washed. The same numbers of neurons 5 × 104 were placed into the TNF-α pre-treated astrocyte culture and incubated for another 20 days.
Immunofluorescence
The neurons grow on the top of astrocytes and on the top of TNF-α pre-treated astrocytes were fixed for 4 min with −20˚C methanol. The fixed cells were treated first with primary mouse monoclonal antibody to neurofilament (NF-68) (Sigma, St. Louis, MO) diluted 1:200 in PBS, for 45 min. The cells were then treated with the secondary antibody; fluorescein-conjugated donkey antimouse IgG (Jackson Immuno reseach Lab. Inc. Baltimore Pike) diluted 1:100 in PBS for 45 min. For controls the primary antibody was omitted. All the procedures were carried out at room temperature. After application of each antibody the preparations were washed 3 times for 5 min. each in PBS. The cells were mounted in 50% glycerol in PBS, pH 7.8 and examined in Olympus photomicroscope equipped with mercury vapor lamp, epifluorescence optics and appropriate interference filters.
Morphological Studies and Neurite Outgrowth Essay
The morphological changes in neurons after 2, 5, 7, 13, 17, 20 days of cultures will be examined by phase contrast microscopy.
To assess the numbers of survived neurons, the numbers of neurons extending neurites longer than the two cell body diameter were counted in 8 randomly chosen microscopic fields using a ×20 objective lens of Ziss phase contast microscope. The fields were examined from the center of each coverslip inside the tissue culture dish. 3 dishes were examined from each experiment. 3 separate independent experiments were used. The length of the neurites from the above neurons was measured using imaging analysis program (Image J, version 1.04b, Wayne Rasband, NIH). In each experiment 50 -60 neurites were measured.
Polyacrylamide Gel Electrophoresis (PAGE) and Immunobloting
Flasks of TNF-α treated astrocytes for 2 and 8 days and control of non treated astrocytes were washed three times in PBS, scraped off with a rubber policeman and collected in PBS. The cells were immediately sonicated and the protein concentration was determined according to the method of [26] . The sonicated cells were dissolved in 10% SDS-containing sample buffer and boiled for 3 min. The same amount of protein (20 µg/well) from each sample was analyzed electrophoretically in 10% SDS-PAGE gel according to the method of [27] . The proteins in the gel were transferred to nitrocellulose sheets by a modification of the method of [28] . After transfer, the nitrocellulose sheets were incubated for 1 h with 3% bovine serum albumin (BSA) in PBS. The nitrocellulose sheets were then incubated overnight at room temperature with rabbit polyclonal antibody to GFAP, diluted 1:500 in PBS containing 3% BSA, then followed by affinity-purified goat anti-rabbit IgG conjugated to horseradish peroxidase. The color was developed using freshly prepared 0.05% 4-chlor-1-naphthol and 0.015% H 2 O 2 in PBS. The reaction was stopped by washing in tap water. All the chemical and materials for electrophoresis and immunobloting were purchased from BioRad (Missisauga, Ont, Canada). Immunoblots of five independent experiments were scanned using the snapescan 1212 scanner and Adobe Photoshop 5.0 program. The relative levels of GFAP expression were determined by analyzing the pixel intensity of the bands using an imaging analysis program (Image J, version 1.04b, Wayne Rasband, NIH). The percentage of the protein expression was calculated in the following manner. The average background protein levels in the lane, excluding the bands, were first subtracted from both the control and treatment bands. The % of the decrease or increase in intensity (I) of TNF-α treated cells (T) compare to the control (C) was calculated as follows:  % of decrease in the intensity = 100 × (Mean I of C − Mean I of T)/Mean I of C;  % of increase in the intensity = 100 × (Mean I of T − Mean I of C)/Mean I of C.
Statistical Analysis
Experiments were performed at least three times on different cell preparations. The data about the number of the survived neurons and the length of the neuritis of neuron cultured alone, on top of astrocytes and on top of TNF-α pre-treated astrocytes were analyzed with oneway Analysis of Variance (ANOVA) which rejected the null. P-values < 0.05 were considered statistically significant. A post-hoc bonferroni's test was used to compare the three groups individually.
few of them grew and survived only for 5 -6 days (Figure 1a) . These neurons had small cell bodies and a few short neurites. However, when the same numbers of neurons were cultured on the top of astrocytes, more neurons grew (Figure 1b) and survived up to 16 -18 days. They had bigger cell bodies and many long branched neurites that formed anastomosing networks (Figure 2a) . The neurons then coalesced and the neurites formed thick bundles (Figure 3a) .
The Effect of TNF-α on the Survival of Neurons
When neurons were culture on the top of astrocytes which were pre-treated with TNF-α for 5 days, few neu- rons survived in 7 days culture (Figure 2b ) and only up to 13 days (Figure 3b) . The neurites did not form bundles (Figure 3b ) as compare to that of neurons grew on top of nontreated astrocyes (Figure 3a) .
Immunofluorescence Staining
When neurons and their neurites were stained for neurofilaments, many neurons and neurites were stained in 7 days old neuronal cultures grew on the top of normal astrocytes (Figure 4a) compare to the neurons grew on top of pre-treated astrocytes with TNF-α (Figure 4b) . 
The Neuronal Survival Essay
In 5 days old culture, when neurons were cultured alone without astrocytes only few of them grew (11 ± 2) . When the same numbers of neurons were cultured on the top of astrocytes 73 ± 4 neurons survived. However, when the same numbers of neurons were cultured on the top of TNF-α pre-treated astrocytes the number of survived neurons decreased to about 40 ± 3 neurons. In the older cultures (15, 17 days old) no neurons survived when cultured alone as well as when cultured on top of TNF-α pre-treated astrocytes. However, when they were cultured on top of normal astrocytes about 35 ± 5 neurons survived in the 13 days old culture, 32 ± 2 neurons survived in the 15 days old culture, and 23 ± 2 neurons in the 17 days old culture ( Figure 5) . The data showing the number of the survived neurons cultured alone, on top of astrocytes and on top of TNF-α pre-treated astrocytes were analyzed with one-way Analysis of Variance (ANOVA) which rejected the null and showed that there was a significant difference between the three groups (Pvalues < 0.001). A post-hoc bonferroni's test was used to compare the three groups individually and showed that there was a significant difference between each of the three groups with a P-value of <0.001 for all groups.
The Neurites Outgrowth Essay
Measurement of the length of the neurites using the Image J analysis program showed that neurons cultured on the top of normal astrocytes have the longest neurites with progressive increases in the length with the days in culture compared to the neurons cultured alone (without astrcoytes) or neurons cultured on top of TNF-α pretreated astocytes. It should be notes that the sudden drop (to zero) in the length of the neurites in both neurons cultured alone (at day 7) or neurons cultured on top of TNF-α pre-treated astrocytes (at day 13) was due to the absence of the neurons and therefore the absence of neurites ( Figure 6) . The data about the length of the neurites of neurons cultured alone, on top of astrocytes and on top of TNF-α pre-treated astrocytes were analyzed with one-way Analysis of Variance (ANOVA) which rejected the null and showed that there was a significant difference between the three groups (P-values < 0.001). A post-hoc bonferroni's test was used to compare the three groups individually and showed that there was a significant difference between each of the three groups with a P-value of <0.001 for all groups.
Immunobloting
To determine the effect of TNF-α on the expression of GFAP in astrocytes, proteins from 2 and 8 days TNF-α treated astrocytes and control astrocytes (non-treated) were separated by SDS-PAGE, transferred to nitrocellulose sheets and treated with antibody to GFAP ( Figure  7) . Quantification of the western blots of five independent experiments showed that the amount of GFAP in 2-day treated astrocytes increased to about 125% of control, whereas, the amount of GFAP in 8-day treated astrocytes increased to 135% of control.
DISCUSSION
This study shows that neuronal survival and growth depended on astrocytes. Similarly, the fact that TNF-α is shown to play an inhibitory role on neuronal survival and growth shows that cytokines play important modulatory roles in the neuronal/astrocytic relationship. It is clear that both astrocytes and cytokines play very important role in determining the milieu of the neurons, which is vital in the correct development, proliferation and reaction to CNS insult. Astrocytes support the growth of neurons, when neurons were cultured on top of astrocytes many neurons survived for a longer period of time and formed long neurites. This support can be explained by the physical properties of astrocytes, which give better attachment to the neurons, and trophic factors secreted by astrocytes that allow for the growth and survival of neurons. As observed earlier, cytokines secreted during insult to the CNS can alter the physical and chemical properties of astrocytes, therefore when neurons are grown on top of TNF-α pre-treated astrocytes, the astrocytes can not give support to the neurons. Few neurons survived for a short period of time and formed shorter neurites.
This finding is in agreement with previous studies by [29, 30] which showed that TNF-α activated the apoptotic pathway in neuron (neuroblastma cell line) and human cortical neurons. Using anti-apoptotic drugs inhibited the effect of TNF-α. In addition, previous studies by [31, 32] showed that TNF-α induced death of motor neurons and inhibited neurites outgrowth and branching of hippocampal neurons. Recent studies showed also that TNF-α contributed to the development of retinal neurodegenerative disorder [33] and neuronal loss in bipolar disorder [34] .
Although it is generally accepted that TNF-α has a pro-inflammatory neurotoxic role in neurodegeneration, not all observations confirm this. There are also data suggesting that TNF-α has neuroprotective properties in some pathological conditions such as ischemic brain [21, 35, 36] . More recently it has been reported that TNF-α produced by microglia protects the neurons against glutmate toxicity [37, 38] .
There is evidence that TNF-α has both neurotoxic [39, 40] and neuroprotective [41] [42] [43] role after ischemic stroke in rats and in mice. It has been suggested that TNF-α may be involved both in the auto propagation of inflammatory processes and cell death and possibly in the more delayed re-constitutive processes of recovery in human of ischemic stroke. In addition, TNF-α has dual effects (Neuroprotective and neurodegeneration) in Parkinson's diseases [44] and has differential effects on different population of cerebellar neurons as they develop [45] .
The finding that TNF-α effects neurite elongation suggests that TNF-α might contribute to inhibiting outgrowth of CNS axons during inflammation or lesion of CNS. This finding is of particular importance because TNF secreted by reactive astrocytes during injury or inflammation of CNS acts as an anti-regenerative factor and prevents axon regeneration after the injury. In addition, TNF-α stimulates the expression of GFAP by astrocytes. Previous studies have suggested that cytokines such as IL-1 and TNF-α act as an astroglia growth factor during brain development and it may play an important role in astrogliosis [46] [47] [48] . Following exposure to cytokines (IL-1β, TNF-α, and IFN-γ) astroglia undergoes functional changes that involve both gene expression and protein synthesis [18, 49] .
Indeed, in clinically important diseases that lead to elevated production of TNF-α in the CNS and inflammation such as multiple sclerosis and AIDS dementia the therapeutic administration of TNF-α inhibitors may prove to be beneficial [50] . Selective targeting of TNF receptor 1-mediated signalling while sparing TNF-receptor 2 activation may lessen adverse effects of anti-TNF therapies in CNS [51] . It has been reported that a balance between anti-inflammatory neuroprotective factor (neurotrophins) and pro-inflammatory neurotoxic cytokines (TNF) can be used in future therapeutic implications for optic nerve injury, multiple sclerosis and neurodegenerative disorders [52] [53] [54] . In conclusion, Astrocytes support the survival of neurons and growth of neurites whereas, TNF-α modulates the astrocytic support of neuronal survival and neurites outgrowth. The molecular mechanism by which TNF-α modulates the astrocytic function needs further investigations.
